A simulation study was conducted to evaluate lighting energy savings of split-pane electrochromic (EC) windows controlled to satisfy key visual comfort parameters. Using the Radiance lighting simulation software, interior illuminance and luminance levels were computed for a south-facing private office illuminated by a window split into two independently-controlled EC panes. The transmittance of these was optimized hourly for a workplane illuminance target while meeting visual comfort constraints, using a least-squares algorithm with linear inequality constraints. Blinds were successively deployed until visual comfort criteria were satisfied. The energy performance of electrochromics proved to be highly dependent on how blinds were controlled. With hourly blind position adjustments, electrochromics showed significantly higher (62% and 53%, respectively without and with overhang)lighting energy consumption than clear glass. With a control algorithm designed to better approximate realistic manual control by an occupant, electrochromics achieved significant savings (48% and 37%, respectively without and with overhang). In all cases, energy consumption decreased when the workplace illuminance target was increased. In addition, the fraction of time during which the occupant had an unobstructed view of the outside was significantly greater with electrochromics: 10 months out of the year versus a handful of days for the reference case.
Introduction
Electrochromics (EC) are glazings whose optical transmittance can be controlled via a small applied electric potential. This is potentially useful in managing the admission of daylight into buildings, since they can be darkened when too much of it causes glare and be made lighter when more is needed to illuminate the interior space. Without the aid of shading devices, however, electrochromics on their own cannot provide visual comfort in extreme glare situations such as when the sun is visible through the window. The deployment of these shading devices can cause significant increases in lighting energy use since occupants tend to leave shades down long after the period of visual discomfort has passed [1] . It appears then that the maximization of the lighting energy saving potential of EC windows would require them to be controlled for visual comfort first and only then for providing daylight to the space, thus minimizing shading deployment. A field study had been conducted with large-area EC windows, but the control algorithm provided less than optimal visual comfort control [2] . The study presented here was conducted to explore the potential of this strategy. Given the difficulty of implementing experimentally the chosen optimization algorithm for control of electrochromic glass and Venetian blinds based on visual comfort, a computer simulation approach was in order. To maximize the admission of daylight to the space without decreasing visual comfort, the electrochromic window here considered had two independently-controlled panes, the bottom one for view and the top one for daylight. The effect of adding an overhang to the façade is also studied, in order to determine if this very common type of exterior shading reduces the need for interior shading device deployment.
Previous simulation studies of energy impacts of electrochromics have tended to use a single transmittance for the whole window, had varying degrees of consideration of visual comfort in their operation, and most did not consider the impact of occupant deployment of blinds due to visual discomfort. Sullivan et al. [3] evaluated three control strategies. The first was to set EC transmittance to maintain work plane illuminance. In the second strategy, the windows were maintained in their darker state above a certain incident vertical global irradiance threshold, and in their lighter state when incident global irradiance was below a lower threshold level. Between the two irradiance thresholds, EC transmittance was interpolated linearly between the lightest and darkest state. The third strategy was to switch the EC to its darkest state whenever there was a cooling load during the previous hour. Workplane illuminance maintenance was also used by Moeck et al. [4] in their assessment of visual quality in spaces daylit through EC windows. Karlsson et al. [5] used control according to vertical global irradiance, similarly to Sullivan. Later, Karlsson added control based on indoor air temperature, also taking occupancy into account [6] . When the space was unoccupied (25% of the time, randomly distributed), the window was darkened above a high temperature setpoint, and set at its lightest state below a low temperature setpoint. Jonsson and Roos [7] also considered occupancy. When the space was unoccupied, the control algorithm kept the windows dark when there was need for cooling and light when there was need for heating, otherwise the electrochromics were controlled to maintain transmitted vertical irradiance below a setpoint.
In none of the above control methods was it intended to address visual comfort. Therefore, these methods would not, by themselves, suit the purpose of this study. Other work was conducted in which visual comfort was considered, directly or indirectly. In subsequent studies [8, 9] , Jonsson and Roos refer to a control method similar to that described in [7] , i.e. maintaining transmitted vertical irradiance above a setpoint, as a strategy to control discomfort glare. While this could address visual comfort in some situations, it does not, for example, tackle the issue of direct sun visibility. Furthermore, the effect of operable shading devices on lighting energy consumption was not part of the scope of the study. Platzer [10] , in addition to considering EC control based on room air temperature, exterior vertical irradiance, or window luminance, also assumed that a roller shade was deployed whenever glare conditions were present. The article does not specify which criteria for glare were used. In a similar study [11] , Venetian blinds were used instead. They were deployed to prevent direct sun reaching the occupants' eyes, and then closed further until the façade luminance was below a luminance setpoint. Assimakopoulos et al. [12, 13] used several EC control techniques similar to those already described above, but also introduced the use of two sophisticated control techniques that do not require detailed knowledge of the underlying physical processes: an adaptive neuro-fuzzy inference system (ANFIS) [12, 13] and proportional-integralderivative (PID) control [13] . The ANFIS system used average window luminance, workplane illuminance, vertical solar irradiance and indoor temperature as independent variables. This kind of system requires a dataset for the algorithm to "learn". In these cases, data was used from experiments in which the electrochromics were controlled by an expert [12] or test subjects [13] . Gugliermetti et al. [14] used the Daylight Glare Index (DGI) [15] to determine vertical solar irradiance setpoints for EC switching.
For the simulation study presented in this paper, and given the focus on lighting energy savings, electrochromics were controlled to maintain workplane illuminance. This is similar to Sullivan's first control strategy [3] , with two differences. One is that here two windowpanes are controlled independently. The other is that two visual comfort criteria are used to constrain EC control: luminance ratios between visual task and surrounding environment, and vertical illuminance at the occupant's eye. Regarding blind deployment, an approach similar to Platzer's [11] is taken, with the additional constraint of vertical illuminance at the eye. Maintaining workplane illuminance can be performed by a simple linear algorithm, and that was the approach chosen here. Constraints on the chosen visual comfort metrics could be directly put in linear form (vertical illuminance) or were easily linearlizable (luminance ratios), which would not have been possible if more mathematically complex visual comfort metrics, such as DGI, had been used.
Methodology

Research design
This study is aimed at determining if electrochromic windows can be controlled to provide lower lighting energy consumption than ordinary windows, while maintaining occupant visual comfort. The independent variables considered here are glazing type (ordinary or electrochromic), presence of overhang, workplane illuminance setpoint for electrochromic control (600, 800 or 1000 lx) and Venetian blind control frequency (hourly or daily). The dependent variable is annual lighting energy use, obtained by climate-based hourly computer simulation for Oakland, California, which has a Mediterranean climate. For daylight hours, the sky is clear, intermediate and overcast during 3%, 39% and 57% of the time, respectively, according to the criteria in Table 1 .
The electrochromic window configuration chosen for this study has two independently-controlled panes, one at the top of the window for daylight admission and the other, larger, at the bottom for view. Both for electrochromic and ordinary windows, Venetian blinds were controlled to block direct sunlight penetration and provide occupant visual comfort.
The computer simulation approach, based on Radiance, a lighting calculation and image rendering computer program [16] is sketched in Figure 1 . Coefficients representing the relationship between the luminous flux originating in an array of solar positions and discrete portions of the sky dome are precomputed. They are then used to efficiently calculate the lighting conditions in the space for each daylight hour of the year. In each of these hourly timesteps, an optimization algorithm determines the window configuration that will maximize daylight admission while providing visual comfort. The contribution of the electric lighting system that is necessary to maintain workplane illuminance is also calculated. This process is described in more detail in the following sections. 
Lighting simulation
A daylight coefficient approach, similar to the work of Reinhart and Walkenhorst [17] , is employed in order to enable rapid evaluation of different skies for each blind and overhang configuration. For each configuration, calculations are performed and images rendered for the partial contributions of 145 solar positions and 145 sky patches, distributed according to Tregenza and Waters' original proposal [18] . The Radiance command rtcontrib is used to calculate the sky patch contributions. A single patch is included for the ground contributions outside the local surface that captures shadows from the building structure. Figure 2 shows the lighting contributions from a single sky patch and its corresponding solar position, as seen from the occupant's point of view. This view is implemented in Radiance as a 180° hemispherical "fisheye" view centered on the VDT. The calculations take 76 different configurations into account. To enable simulation of the independent control of the two electrochromic window panes, the effect of each pane needs to be calculated separately. For each of these, calculations are performed for each one of the 19 blind positions (fully open, deployed over the top pane with nine possible slat angles, or deployed over both panes with nine possible slat angles). Finally, each configuration is considered with and without the overhang, which doubles the total number of calculation runs again.
Each calculation takes three interreflections (ambient bounces) into account, as the principal concern is a comparison metric for this case study, and not high absolute accuracy. Although this is probably not optimal, even for a relatively shallow space such as this, previous simulations have shown that increasing the number of bounces only increases the overall levels rather than the distribution of light. The advantage of this is a significant decrease in calculation time, since the calculations take two weeks on a render farm consisting of 8 nodes with two AMD Opteron 246 2.0 GHz processors each. These nodes run the FreeBSD operating system. The daylight coefficients thus calculated are used according to sky luminance distribution and sun position for a particular time, date and location, as long as solar radiation data is available. The sky luminance distribution is determined from one of the three CIE sky models: Clear, Intermediate or Overcast. For a particular time, the model used is selected by evaluating the solar radiation data according to the conditions presented in Table 1 . For CIE Clear or Intermediate sky types, the sun is also simulated. The luminances of the sky model and of the sun are calibrated according to the diffuse horizontal and direct normal irradiances. A quick ray tracing sample is then taken of the selected sky model to determine the multiplier for the daylight coefficient corresponding to each sky patch. Sixty-four samples are taken within each patch and then averaged, to account for local luminance variations. For the direct solar component, the four precomputed solar positions that are the closest to the actual sun position are found and the respective four daylight coefficients are interpolated bilinearly. This was found to be adequate for simulations with Venetian blinds in a previous daylight coefficient study [17] , and preliminary experiments confirmed it to be suitable for this study. Figure 3 shows the combined result based on TMY weather data for Oakland, California on December 21 at noon. This image component calculation is reasonably fast, taking less than 10 seconds on a single CPU.
Space
The space chosen for this study is a one-person office situated in the Windows Test Facility of the Lawrence Berkeley National Laboratory, in Berkeley, California, containing typical office furniture ( Figure 4 ). It is 4.57 m (15 ft) deep and 3.05 m (10 ft) wide, and measures 2.74 m (9 ft) from floor to ceiling.
The space was modeled in Radiance with surface reflectance of 0.20, 0.50 and 0.70 for the floor, walls and ceiling, respectively. An L-shaped desk, whose work surface has a reflectance of 0.41, is located in the southwest corner. A 43-cm (17-in) LCD visual display terminal (VDT) sits on the desktop. Two sheets of white paper (0.75 reflectance) modeled on both sides of the VDT serve as placeholders for illuminance calculations. The occupant is considered to be seated at the desk, facing and looking at the VDT. The viewpoint is 1.22 m (4 ft) above the floor, 1.52 m (5 ft) away from window, and 1.22 m (4 ft) away from the facing wall.
The space has a single, south-facing window, which is divided into two panes. The upper pane has the purpose of admitting daylight and the lower one to provide view. Based on the properties of currentlyavailable technology, the transmittance of the electrochromics can vary between 0.05 and 0.60. The reference window has a transmittance of 0.60. The window has no exterior obstructions and is equipped with interior Venetian blinds. The slats are white, 2.54-cm (1-in) wide and spaced 1.78 cm (0.7 in) apart. Slat reflectance is 0.85 with a specularity of 1%. Three blind heights were modeled: 1) fully retracted, 2) covering the top window pane only and 3) covering the whole window. Slat angles start at 0° (horizontal) and go up to 80° (downward towards the exterior) in 10° increments. The space was also modeled with an overhang placed at the height of the division between the upper and lower window panes. The overhang considered is 91 cm (3 ft) deep and 2.54 cm (1-in) thick, and much wider than the window on both sides, effectively simulating a continuous façade. It is white with a reflectance of 0.60.
Window controls 2.3.1 Occupant visual comfort criteria
Three criteria are used here to determine whether an occupant in this position experiences visual discomfort. The first is whether the sun's orb is directly visible by the occupant. The second is based on the values for the ratios between the luminance of the computer monitor and different areas of the occupant's field of view. The Illuminating Engineering Society of North America recommends limits for these ratios so that visual comfort is maintained in offices [19] . For areas "near" the direction of view the maximum luminance ratio allowed is 3:1 and for "far" areas the ratio is 10:1. The "near" area of the field of view wasdefined to be within a 30° cone centered on the direction of view, and the "far" area a 60° cone. For the rest of the field of view, a ratio of 40:1 was used. The third criterion is derived from Osterhaus' research [20] , which suggests an additional requirement that the total vertical illuminance at the eye should not exceed 800 lux.
Control algorithms
Two control algorithms were tested for the Venetian blinds. In one of them, blinds were controlled every hourly timestep. In the other, the blind position stayed the same all day. The control algorithm for the electrochromics did not vary between these two cases.
Hourly blind control
The optimal blind position depends on the transmittance of the electrochromics and vice-versa. Therefore, the window control algorithm is iterative ( Figure 5 ) and divided into three main steps: 1) deployment of blinds to block direct sun falling on the occupant's eyes, 2) optimization of window transmittance and 3) additional blind deployment. For the reference window step 2 is omitted ( Figure 6 ). The control algorithm is applied at every daylight hour of the year. 
Blind deployment to block direct sun
Without this first step, there is a very slim chance of providing visual comfort. When the sky is overcast, blinds are left fully raised, since the sun is assumed not to be visible. If the sky is intermediate or clear, and if the sun is visible through one of the windowpanes, the blinds are lowered and the slat angle adjusted to exclude the view of the sun. Whenever the sun is visible through the lower pane, the blind is fully lowered, otherwise, the blinds are deployed over the upper pane only.
Optimization of electrochromic window transmittance
The electrochromic window panes are then set to a transmittance level that comes as close as possible to meeting the workplace illuminance target without causing visual discomfort as defined in Section 2.3.1. This calculation is performed by an algorithm for least-squares optimization with linear inequality constraints [21] . The workplane illuminance target is 600, 800 or 1000 lux at the center of each sheet of paper depicted in Figure 7; i.e., light levels that are more than sufficient for general reading and writing tasks on the desk areas adjacent to the keyboard. The lowest illuminance target, 600 lx, was set at a level that provided a deadband above the setpoint for electric lighting, which was held constant at 540 lx, independently of the target illuminance for electrochromic control.
This prevents spurious lighting energy consumption if the optimization algorithm converges slightly below target. In order to reduce the computation time of the optimization algorithm, luminance ratio constraints were applied on 10x10-pixel images obtained by filtering the original, 332x332-pixel images ( Figure 8 ). Each pixel of the smaller image is an average of a 33x33 pixel square in the original image † . Assuming a monitor luminance of 200 cd/m 2 , i.e. that of a current LCD computer monitor, each of these 100 "visual comfort pixels", rather than all 110,224 original pixels individually, is constrained to a certain luminance, according to its position in the field of view (Figure 9 ). The pixel averaging may underestimate some glare sources, for example if they are very small, or if they are divided between neighboring reduced pixels. In the case of very small sources, however, it could be argued that this is an advantage because the human visual system does not usually respond to glare sources as small as the original pixels. Using the value of individual pixels to determine luminance ratios would excessively constrain the optimization. Figure 10 shows optimization results for June 12th at 1 PM (standard time) in Oakland, California. Optimal EC transmittance is 5 and 26% for the lower and upper windowpanes, respectively. Illuminance on target points is approximately 690 (left) and 470 lux (right). Vertical illuminance at the eye is about 350 lux. The corresponding luminance of the "visual comfort pixels" is shown in Figure 11 . All values satisfy the visual comfort criteria. 
Additional blind deployment
If visual comfort criteria are still not met, the blinds are deployed further according to the flow chart in Figure 12 . Whenever possible, closing the slats takes precedence over lowering the blind. 
Daily blind control
In this algorithm, for each day, blinds were set during the whole day to the most deployed position that had been observed during that day using the hourly blind control algorithm described in section 2.3.2.1. Electrochromics were controlled hourly in the same way as described in section 2.3.2.1.2.
Electric lighting
The electric lighting system is dimmable, and controlled to maintain a horizontal illuminance setpoint. This maximizes the daylight contribution to lighting the space. The model assumes two 2x4 ft 4-lamp T8 fluorescent recessed luminaires with parabolic louvers, each luminaire having a maximum power consumption of 135 W. Two identical photosensors are mounted on one of the luminaires, the primary sensor oriented vertically downwards towards the work space and the secondary towards the back of the room ( Figure 13 ). The power consumption as a function of light output for the electric lighting system is shown in Figure 14 . With lights at full power, average workplane illuminance is close to 600 lux. Lights are controlled to maintain an average work plane illuminance of 540 lux (approx. 50 footcandles) and are turned on only when more than the minimum light output (10% of maximum) is necessary to achieve that target. The system is normally controlled by the primary sensor. At times when the ratio between the primary and secondary sensors is greater than 0.8065 -the ratio's value with no daylight and electric lights at full power -it is considered that there is a high likelihood of a misleading primary sensor signal due to direct sunlight incidence on that sensor's area of concern and therefore the auxiliary sensor's signal is used instead. The main sensor's response to electric lights is shown in Figure 15 .In Figure 16 , hourly values of work plane illuminance due to daylight are plotted for the whole year. The sloped line represents the sensor response characteristic, chosen so that it does not underestimate work plane daylight illuminance during 90% of the time for which average daylight workplane illuminance is below setpoint. This calibration was done separately for electrochromic and reference windows, with and without overhang.
Lighting energy
For every daylight hour of the year, the fraction F L of maximum light output necessary to achieve the workplane illuminance setpoint is determined by (1) where E set is the illuminance setpoint, E daylight is the daylight illuminance and E max is the illuminance provided by the electric lights at maximum output. The annual energy consumption is then determined by summing the power consumption (determined from the relationship plotted in Figure 14 ) for all daylight hours of the year.
Results
The annual lighting energy values obtained are shown in Table 2 . They indicate that, for hourly blind control with 600 lx illuminance setpoint, annual energy use is higher for the electrochromic window than for the reference window. In both cases the introduction of the overhang results in a slight increase in energy use. An hourly plot of the difference between the lighting energy usage of both windows ( Figure  17) shows that, during a significant period of time, the electrochromic window requires more energy than the reference window, either with or without overhang. An analysis of blind use throughout the year (Figure 18 ) shows electrochromics markedly reducing the need for blind use. Whereas the reference window needs shading approximately from 8 AM to 4 PM throughout the whole year, with electrochromics this is necessary for a much shorter period -early afternoon from early November to late January -and the required slat angle is nearly horizontal. Hourly transmittance values (Figure 19 ) indeed suggest that this reduced need for blind use is achieved by the ability to lower glass transmittance whenever necessary. The lower pane is most of the time set to its lowest value of 5%. The transmittance of the upper pane varies substantially, taking values close to maximum (60%) during a significant part of the year.
Both windows are capable of providing sufficient worplane illuminance while meeting visual comfort criteria. Levels provided by the electrochromic window are constant and close to the 600 lux target throughout the year (Figure 20) , except for higher levels during morning and early afternoon in winter and fall, when direct sunlight falls on the work plane. This latter effect is mitigated when the overhang is present (see Figure 20) . The reference window generally provides higher illuminance levels, around 1000 lux for most of the year. Both windows manage to keep vertical illuminance at the eye below the discomfort threshold (Figure 21) , with electrochromics close to 400 lux for most of the year, and the reference window mostly between 600 and 800 lux. Similar trends were observed for luminance ratios. As for maximum window luminance, it is lower throughout the year for the electrochromic window, usually around or under 2000 cd/m 2 ( Figure 22) , although values of up to 8000 cd/m 2 are occasionally observed. The reference window is generally brighter, very frequently in the 2000-5000 cd/m 2 range. Figure 18 . Blind deployment throughout year: (from top) electrochromic windows without overhang, reference window without overhang, electrochromic windows with overhang, reference window with overhang. Blue/green scale applies to times for which blind is deployed over upper part of window only. Red/yellow scale applies to times for which blind is deployed over whole window. 
Effect of higher work plane illuminance setpoints for electrochromics
Given that the reference window provided higher work plane illuminance than the electrochromic window, it was decided to investigate the effect of increasing the illuminance setpoint for the optimization of electrochromic pane transmittance from 600 lux to 800 lux and 1000 lux. As can be seen in Table 2 , this brought the energy performance of the electrochromics to levels very close to the reference case. This suggests that the advantage of the reference window had indeed been that the electrochromic control algorithm was reducing the amount of useful daylight. Increasing the setpoint from 800 to 1000 lux did not bring significant improvements. Changes in blind deployment with increasing setpoint are negligible, occurring for less than a handful of hours for the whole year.
Daily blind control
Because blinds were adjusted hourly, the results above probably do not present an accurate picture of what would happen with a person in an actual office. Previous studies have suggested that office occupants, once they lower the blinds, tend to leave them lowered for the rest of the day, or even for days or weeks [1] .
A blind adjustment algorithm designed to better approximate actual blind control by occupants was then tested. For each day of the year, and for the whole day, blinds were set to the most deployed blind position that had been observed for the same day with the hourly blind adjustment mode. This resulted in the blind deployment shown in Figure 23 for an electrochromic control setpoint of 600 lux. The reference window now has the blinds down for almost the entire year, whereas the electrochromic window only for approximately half a year, and mostly only over the upper window pane. With this blind control algorithm, energy use was significantly lower with the electrochromic window. In Figure 24 it can be seen that the electrochromics provide comparative energy savings mainly during the early morning and late afternoon, especially during the summer months. Average work plane illuminance was, for the electrochromic window, also constant, with reduced occurrence of high values (Figure 25 ). For the reference window the values were lower than previously, and clearly insufficient in the early morning and late afternoon, which probably explains the power consumption pattern seen in Figure 24 .
Raising the workplane illuminance setpoint for electrochromics optimization to 800 lux, resulted in further reductions in energy use.
Discussion
At first, the higher lighting energy consumption observed with electrochromic windows can be surprising. This result, however, may have more to do with the shading system used in this study than with the glass itself. Electrochromics control light by absorbing it, therefore preventing it from contributing to interior illumination, whereas Venetian blinds do so by redirecting light, some of which enters the space towards the ceiling and raises the light levels without contributing to glare, thus comparatively reducing the need for electric light. Paradoxically, by reducing the need for blinds, electrochromics seem to be actually reducing daylight use. If this is correct, it is reasonable to assume that the relative merits of the two types of glass would be quite different if a non-light-redirecting shading system were used in this study, e.g. roller shades. Nevertheless, the results indicate that, when coupled with Venetian blinds that are continuously controlled to provide visual comfort, windows with ordinary glass result in equal or lower (depending on the illuminance setpoint) energy consumption than split electrochromic windows optimized to provide a certain horizontal illuminance.
It is usually the case, however, that blinds are adjusted less frequently than hourly. Results with the blind position adjusted daily suggest that electrochromics can have a significant advantage over ordinary glass in terms of lighting energy consumption. Depending on the workplane illuminance for which electrochromics were controlled, energy savings ranged from 43% to 67%.
A significant advantage of electrochromic windows that this study shows is that they require much less obstruction of the exterior view by a shading device. With hourly adjustment, electrochromics require very minimal deployment of blinds, whereas ordinary glass demands everyday use, and for most of the day. With daily adjustment, ordinary glass requires blinds all the way down throughout the whole year, with the exception of a handful of days, whereas electrochromics only from roughly mid-November to mid-January. This increased availability of view could bring significant benefits to building occupants, both physical and physiological. For office workers, views of the exterior have been correlated with both reduced physical and psychological discomfort [22] , as well as increased job satisfaction and decreased job stress [23] , especially for views of nature [24] . For patients in health care facilities, view has been correlated with faster recovery [25] and better physical and mental health condition [26, 27] , as well as being preferred by staff [28] .
There might also be advantages in using a setpoint higher than 600 lx to control the electrochromics. Occupant preferences for horizontal illuminance in daylit offices can be significantly higher than the recommended values for electric lighting [29] . Higher light levels can also have potential health care applications, for example in the treatment of seasonal affective disorder [30] or sleep disturbances experienced by patients with Alzheimer's disease [31] .
Because electrochromics require a shading device to provide visual comfort, it could be argued that a window with ordinary glass and an automated shading device might be a more cost-effective option. This might be the case should an automated light-redirecting shading system of the type considered in this study be widely accessible. However, the level of optimization for occupant visual comfort that was assumed here is not readily available in a commercial product. Furthermore, at present, most commercially-available automated shading systems are of the diffusing type, such as roller shades, which would probably provide lower lighting energy savings. Finally, should automated light-redirecting shading systems with the level of optimization considered here become available, electrochromics might still be the choice in applications where view is of primary importance.
The effects of adding an overhang to the façade are mixed but generally less significant than the differences between the two types of glass. With hourly blind control, and depending on glass type and control algorithm, it can increase lighting energy use between 6% (original case, i.e. electrochromics controlled for 600 lx) and 25% (electrochromics controlled for 800 lx). This is probably due to the overhang blocking daylight from entering the room and causing lights to be on longer or at a higher power setting. However, the overhang also has the effect of reducing the need to deploy blinds, which has a more marked effect with daily blind control, since what effectively determines blind deployment in those cases is the worst visual comfort condition for each day. In this case, adding the overhang still leads to increases in energy use for the electrochromics (3 to 14%), but for the reference window results in about 15% energy savings because it allows blind slats to be more open during a significant part of the year. Overall, the reduced blind deployment increases the availability of view to the outside, this effect being the most significant in the case of electrochromics with daily blind control. Some limitations should be had in mind when considering the results from this study. Energy consumption values were calculated for all daylight hours of the year and would be different if another time period was used, e.g. 9:00-17:00. Nevertheless, it is anticipated that the trends mentioned above would generally still be observed, although operational schedules that include hours of darkness would probably reduce the relative differences in consumption between the cases studied. The results obtained here are applicable to spaces that have a similar ratio of glazed to non-glazed façade area. Had the windows been smaller, it is likely that the relative differences between systems would be reduced. In the limit of very small windows, the difference in performance would become negligible. Standby power of the electric lighting system, which was considered here to be zero, would increase energy consumption, again probably reducing relative differences between cases. The power to operate the electrochromics, which would introduce a small reduction in the energy savings with this system, was also not considered in this study. Empirically derived models for blind adjustment, such as described in [32] , could be used to achieve more realistic results. It would also be more realistic to use more than one occupant viewing direction and position to evaluate visual comfort. Regarding the lighting calculations, future studies should probably include additional interreflections, and place a ground plane outside to account for shading from the building structure. Although it was assumed here, for simplicity of implementation of the simulation method, that the CIE standard sky models are adequate for comparing performance between systems, absolute energy consumption values might be more accurate if a more sophisticated model were used, such as for example the Perez model [33] . As mentioned before, the pixel reduction technique used in constraining luminance ratios may underestimate some glare sources. Further research is necessary to determine the adequate level of averaging, which is likely to depend on position in the field of view. These limitations notwithstanding, the present study can give a very useful picture of how window systems compare to each other in terms of providing daylight and visual comfort.
Conclusion
A simulation study was conducted for a south-facing private office in Berkeley/Oakland, California. A split EC window was controlled to meet visual comfort requirements and to optimize daylight illuminance. Lighting energy use savings were computed using simulated photosensor signal levels to dim the recessed fluorescent lights in response to available daylight. If the height and slat angle are controlled hourly, annual lighting energy use is higher for the EC window(62% and 53%, respectively without and with overhang), relative to the reference window (Tv=0.60). Prior field studies indicate that manually operated interior shades are rarely operated in this optimal manner, therefore it was attempted to achieve more realistic results with daily control based on each day's hour of least visual comfort. If the reference case blind is controlled one time per day at the first instance of visual discomfort, then annual lighting energy use is decreased (48% and 37%, respectively without and with overhang) if the EC window is used.
This study indicates that, for south-facing spaces, electrochromics have the potential to provide lighting energy savings over the whole year, relative to ordinary clear glass. Further research is needed to determine whether the particular control method used here can be implemented in a physical room, since it depends on quantities that are challenging to measure, such as the separate contributions from the individual EC window panes. The results also show that, due to their ability to simultaneously obstruct direct sun and redirect daylight into the space, the lighting energy performance of continuously adjusted Venetian blinds can be challenging to match by more sophisticated and innovative daylighting systems.
